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Introduction
In recent years, with the rapid spread of smartphones and other mobile devices, the amount of mobile traffic is increasing and the scarcity of frequency spectrum becomes a serious issue. Since larger frequency bands in super high frequency (SHF) or extremely high frequency (EHF) are still available, these frequency bands are to be utilized in the fifth-generation (5G) mobile communication systems [1] [2] . As a key technology in the 5G system, massive multiple-input multiple-output (MIMO) has been investigated [3] [4] . Massive MIMO beamforming (BF) is applied to compensate propagation loss in the high frequency bands. The directivity of a beam is required to be selected prior to data transmission. In the conventional beam selection scheme for massive MIMO, a transmit beam is selected based on the power of received signals over subcarriers [5] [6] . The signal on a different subcarrier is transmitted to- † The author is with the Dept. of Electronics and Electrical Engineering, Keio University a) E-mail: ykubo@snd.elec.keio.ac.jp b) E-mail: sanada@elec.keio.ac.jp wards a different direction. A mobile station (MS) selects a received signal with the largest power and returns the corresponding subcarrier index to a base station (BS). Since this scheme selects the beam based on the power of the received signal, it does not make use of the the amount of the phase rotation between the signals on the adjacent subcarriers. In order to improve the accuracy of beam selection, this paper proposes a transmit beam selection scheme for massive MIMO. Beam selection schemes have been proposed and implemented [7] - [10] . Most of them selects a beam based on the power of the received signal. On the other hand, the proposed scheme calculates the expected responses of the signals over the subcarriers between the BS and the MS. According to the differences on the horizontal and vertical angles of departure, the precoding coefficents for the beams on adjacent subcarriers are different and the receiver at the same position is able to calculate the amount of the phase rotation as well as the amplitude variation between those beams if the channel response between the adjacent subcarriers are assumed to be the same. By setting the relative position between the massive MIMO and the MS receiver, it is possible to calculate the expected responses of the beams on all the subcarriers as the expected response sequence.
The expected response sequences are calculated in advance for each assumed relative directivity between the BS and the MS. The MS calculates the correlation between the received signals and each of the expected received sequences. The MS then selects the beam with the highest correlation and returns the corresponding subcarrier index to the BS. This paper presents the probabilities of successful beam selection for the conventional and proposed schemes. The average signalto-noise ratios of the selected beams are also presented. The performance with limited correlation coefficients for the reduction of computational complexity is also included.
This paper is organized as follows. Section 2 explains the system model and beam selection schemes and Section 3 shows numerical results obtained through computer simulation. Finally, Section 4 provides our conclusions. 
System Model

Beam Selection
The assumed frame structure in a downlink is shown in Fig. 1 [6] . Beam selection is carried out by receiving the discovery signals (DSs) that are transmitted towards different directions on different subcarriers of a orthogonal frequency division multiplexing (OFDM) signal. The MS then returns the subcarrier index that corresponds to the selected beam.
In BF, the directivity of the beam is created by multiplying the weighting coefficients to the signals transmitted from antenna elements. Suppose that a two-dimensional planar array antenna shown in Fig.  2 is implemented in a BS and the intervals between the antenna elements are ∆x and ∆z in the horizontal and vertical directions, the weighting coefficient vector, W(ϕ, θ), for the horizontal angle of ϕ and the vertical angle of θ is expressed as follows [6] :
where N T = N x · N z is the total number of elements, N x is the number of antenna elements in the x axis (horizonal direction), and N z is also the total number of antenna elements in the z axis (vertical direction).
The n z -th set of the coefficient, W nz (ϕ, θ), is given as
where N x is the antenna index in the horizontal direction, n z is the antenna index in the vertical direction, and
In the assumed system, the signals on the different subcarriers are transmitted to different directions. Each direction is indicated by the set of indexes, (n ϕ , n θ ), where n ϕ and n θ are given as follows:
where ∆ϕ and ∆θ are the resolutions of the beam directivity in the horizontal and vertical directions. The total number of beams is then L = N ϕ N θ . The signal with the direction of (n ϕ , n θ ) is transmitted on the l-th subcarrier where
and ∆l is the number of null subcarriers assigned at the lower edge of a channel as a guard band. The BF coefficient vector on the l-th subcarrier is given by
where [·] T represents transpose.
Signal Model
It is assumed that i is the antenna index that is given as
The k-th DS transmitted from the i-th antenna element is set as
where k = i + ∆l. Suppose that the MS is equipt with only one receive antenna element. The signals from all the antenna elements of the BS array antenna are spatially combined at the received antenna of the MS. The received signal on the k-th subcarrier is then expressed as
where 
where
and N is the size of a discrete Fourier transform (DFT).
Beam Selection Schemes
In the conventional scheme, the MS returns the subcarrier index, k max , that corresponds to the received signal with the maximum power [6] 
The right hand side of Eq. (13) results in two noise terms, (
, where * represents complex conjugate. These noise terms leads to inaccurate beam selection. In the proposed scheme, the correlations between the received signals and the expected response sequences are calculated. The expected response sequence is calculated in advance as follows. If the MS is located at the relative direction of (n r ϕ ∆ϕ, n r θ ∆θ) and there is no phase rotation or amplitude variation on a propagation path from each antenna element, the expected response between the transmit antennas of the BS and the received antenna of the MS is calculated as
where [·] H represents Hermitian transpose. Therefore the expected response on the l r -th subcarrier for the r-th direction that corresponds to the direction of (n
The correlation is calculated as
In the MS, the relative direction index that gives the largest correlation, r max , is selected and returned to the BS. Since no noise is included in Eq. (15), the proposed scheme can achieve better estimation compared to the condition given by Eq. (13). With the use of the signals on multiple subcarriers, the proposed scheme increases the accuracy of beam selection. However, the correlation calculation given in Eq. (16) requires the order of L 2 multiplication operations. To reduce the complexity, the elements of C r are set to zero if their absolute values are smaller than a threshold and they are excluded from the correlation calculation. Therefore, only a part of the expected responses, C r , can be used and the number of multiplication operations is reduced. The trade-off between the reduction of the complexity and the accuracy of beam selection is presented in the next section.
Numerical Results
Simulation Conditions
Simulation conditions are shown in Table 1 . The center frequency of the transmit signal is 5.25 GHz and the system bandwidth is 100 MHz. The subcarrier interval for OFDM is 75 kHz and the DFT size is 2048. The number of null subcarriers at the lower edge of the channel is ∆l = 23 and the number of all the subcarriers for the DSs are 1155 that is the same as the total number of transmit beams. A two-dimensional planar array with 128 antenna elements is used for the BS transmit antenna and it is composed of 16 antenna elements in the horizontal direction and 8 antenna elements in the vertical direction. The intervals between elements in the horizontal and vertical directions are both 2.86 cm that is equal to a half wavelength. The antenna in the MS is an omni antenna. The distance between the BS and the MS is 20 meters. The intervals of the transmit directions are both 5 degrees in the horizontal and vertical directions. • ] in the vertical direction. As channel models a one-path Rician fading model and a Winner II channel model are used. The K-factor of the Rician fading channel is 10. The two propagation environments of the Winner II channel model are assumed, an indoor line-of-sight (LOS) environment and an indoor non-line-of-sight (NLOS) environment [12] . The number of trials is a 1000 times for each plot. In the following section, signal-to-noise ratio (SNR) is defined as the ratio between the largest signal power per subcarrier and the noise power. The successful beam selection is regarded when the selected beam power is higher than the threshold that is 95% or 50% of the maximum received beam power without including noise. 
Performance on Rician Fading Channel
The probability of successful beam selection on the Rician fading channel is shown in Fig. 3 . The SNR is set to 10dB. The x-axis of the figure represents the azimuth angle of the MS position. The elevation angle is fixed to 90 degrees. The proposed scheme achieves better probabilities of successful beam selection than those of the conventional scheme, especially when the azimuth The azimuth angles of the MS position are 15 degrees and 60 degrees while the elevation angle is fixed to 90 degrees. The probability of successful beam selection decreases at the azimuth angles of 15 degrees and 165 degrees where there is no protruding peak of the correlation output as shown in Fig. 4 . On the other hand, when the azimuth angle of the MS is 60 degrees, there is a sharp peak and it results in the better probability. The probability of successful beam selection ver- sus the SNR on the Rician fading channel is shown in Fig. 6 . The azimuth angle of the MS is 60 degrees. It is clear from the figure that as the SNR improves the probabilities of successful beam selection with both the conventional and proposed schemes increase. The difference in the probability to the threshold values is smaller with the proposed scheme. The average SNR of the received signal versus the azimuth angle on the Rician fading channel is shown in Fig. 7 . The average SNR is the ratio between the average received signal power over all subcarriers after beam selection and the noise variance. As the proposed scheme achives the better beam selection than the conventional scheme and it also improves the average SNR by about 1.5 dB in azimuth directions of between 30 degrees and 150 degrees.
The average system throughput per subcarrier versus the SNR on the Rician fading channel is shown in Fig. 8 . Two MSs are located at the azimuth angles of 60 and 120 degrees while their elevation angles are 90 degrees. After the selection of the beams by the MSs, the BS transmits signals with a multiuser MIMO scheme. Each MS is assumed to receive a signal with a single antenna and zero forcing beamforming is applied in the downlink. The sum of the ergodic capacities of the MSs is calculated as the system throughput. From  Fig. 8, owing to the better probability of successful beam selection, the proposed scheme achieves the superior system throughput especially at a SNR of less than 10dB. in Fig. 9 . The SNR is 10dB. The x-axis of the figure represents the azimuth angle of the MS position. The elevation angle is set to 90 degrees. These probabilities show the same tendencies as those on the Rician channel though the probabilities with a threshold of 95 percent are a little smaller for both the conventional and proposed schemes. The average SNR on the Winner II indoor LOS channel is shown in Fig. 10 . These curves are also similar to those on the Rician fading channel and the proposed scheme improves the average SNR by about 1.0dB. The probabilities of successful beam selection on the Winner II NLOS channel are shown in Fig. 11 . The average SNR of the received signal on the Winner II NLOS channel is also shown in Fig. 12 . The SNR is 10dB and the elevation angle is 90 degrees. The proposed scheme show better performance than the conventional scheme though these performance curves are inferior to those on the LOS channel. 
Performance with Limited Coefficients
In this section, the proposed scheme with limited coefficients are evaluated. The threshold for the coefficients is set to 1/2, 1/4, or 1/8 of the maximum value of the correlation coefficient. The required numbers of the multiplication operations are presented for the conventional scheme, the proposed scheme, and the proposed schemes with the different coefficient thresholds are given in Table 2 . The probability of successful beam selection on the Rician fading channel is shown in Fig.  13 . The threshold for the received signal power is 95%. The proposed scheme achieves better probabilities than the conventional scheme even with a coefficient threshold of 1/8. There is a trade-off relationship between the reduction of the complexity and the probability. The average SNR of the received signal versus the azimuth angle of the MS on the Rician fading channel is shown in Fig. 14 . The average SNR still improves about 1.0dB even if the threshold is set to a half of the maximum value. The average SNR with a threshold of 1/2 is superior to the to the SNRs with the other threshold values. This is because of the correlation outputs. Correlation outputs between the received signals and the expected response sequences for thresholds of 1/8 and 1/2 are shown in Figs. 15 and 16 . The azimuth angle of the MS position is 30 degrees while its elevation angle is 90 degrees. Since there is the protruding output as shown in Fig. 15 , the proposed scheme with a threshold of 1/8 achieves the better probability of successful beam selection than that with a threshold of 1/2. On the other hand, as there are multiple large outputs around the largest one in Fig. 16 , the proposed scheme tends to select one of the beams adjacent to the optimum one. Therefore, the proposed scheme with a threshold of 1/2 achieves the better average SNR than that with a threshold of 1/8.
Conclusions
In this paper, a new beam selection scheme for massive MIMO is proposed. The probability of successful beam selection and the average SNR of the received signal are evaluated by computer simulation. Regardless of the position of the MS, the proposed scheme improves the probabilities of successful beam selection and the average SNR of the received signal over that achieved by the conventional scheme. The low complexity versions of the proposed scheme were also evaluated. In these cases, the correlation coefficients smaller than the threshold are eliminated for complexity reduction. Still both the probabilities of successful beam selection and the average SNR of the received signal are better than those of the conventional scheme. Even though the complexity of the proposed scheme reduces to about 1/100 by eliminating small coefficients the average SNR increases by about 1.0dB. There is the trade-off between the reduction of the complexity and the accuracy of beam selection 
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